Abstract Eight novel fluorescent conjugated polymers were synthesized by the Suzuki polycondensation reaction of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester and a conjugated dihalogenated monomer. The photophysical properties of these polymers were investigated as welldissolved solutions in chloroform and as nanoparticle suspensions in water. Several of the polymers had large Stokes shifts (greater than 100 nm) and others demonstrated unique changes in the fluorescence properties in aggregated verse non-aggregated forms. Preliminary applications of these polymers in the detection of common bisphenols are also reported.
Introduction
The synthesis of conjugated fluorescent polymers with extremely large (greater than 100 nm) Stokes shifts is of interest for a broad variety of applications, including gas sensing 1 and biological imaging. 2 Examples of fluorophores with large Stokes shifts have been reported in the literature, 3 and usually have charge-separated states 3b or strong donor-acceptor coupling 3a that are responsible for such large Stokes shifts. The practical advantage to large Stokes shifts is that such shifts generally lead to high signal-to-noise ratios as a result of the large separation between the emission signal and the excitation wavelength. Less research has focused on the synthesis and applications of conjugated polymers with analogously large Stokes shifts, with one reported example relying on the aggregation of a conjugated polymer to enable such shifts. 4 Nonetheless, conjugated polymers are well-known for their high sensitivity in fluorescence-based detection applications, 5 and so the ability to combine extremely large Stokes shifts with the notable advantages of conjugated polymer chemistry is expected to provide architectures with the combined advantages of high signal-to-noise ratios and increased fluorescence sensitivity. 6 Previous work in our group has focused on the use of conjugated fluorescent polymers for the turn-on fluorescence detection of pesticides, 7 for the turn-off (i.e. quenching-based) fluorescence detection of nitroaromatics, 8 and for the highly sensitive detection of hydrogen peroxide via a non-covalent, electrostatically-driven anionic polymer-cationic titanium detection complex. 9 All previously reported studies in the Levine group used polymers that were either commercially available or had been reported in the literature. 10 None of these polymers had notable Stokes shifts, and methods to achieve such large shifts via synthetic modification of the polymer architectures were relatively limited.
Many of the notable benefits of conjugated polymer-based sensors are enhanced when the polymer is in an aggregated state, such as nanoparticles. This enhancement is due to the increased availability of interpolymer exciton migration in addition to intra-polymer migration, resulting in markedly more sampling of the analyte binding sites by the generated excitons. Researchers have used the increased sensitivity of conjugated polymer nanoparticles (CPNs) for the detection of numerous analytes, including pesticides, 7 nitroaromatics, 8 and cations 11 at parts per billion (i.e. ppb) concentrations. 12 This interest is driven by the typically high fluorescence quantum yield of CPNs (~80%), 3 low toxicity to biological systems, 4 and ability to achieve aggregation-induced emission of conjugated fluorescent polymers when localized as nanoparticles. 5 Additionally, the modular design of conjugated fluorescent polymers and the ability to control the size of CPNs via straightforward experimental manipulation provides a system that is highly tunable and can be easily optimized.
One family of analytes of particular interest as detection targets is bisphenols. The most commonly used bisphenol is Bisphenol A (BPA, compound 1), with over 5 million tons of compound 1 manufactured worldwide per year. 13 This prevalence has led to a chronic detectable level of BPA in biological fluids (i.e. urine, blood, saliva) from the majority of people living in developed nations. 13 Such ubiquitous BPA exposure is concerning, as BPA is a known estrogen mimic and endocrine disruptor. 14 Numerous studies have linked chronic low dose exposure to BPA to numerous negative health effects including prostate and breast cancer, obesity, early onset puberty, and Type II diabetes. 15 Regulatory changes and consumer-driven pressure over the health effects of BPA have caused companies to replace BPA with other bisphenols (BPs), such as bisphenol S (BPS, compound 2) and bisphenol F (BPF, compound 3). 16 The structural similarity and initial research on these BPs suggest that they have similar or more severe negative health effects compared to BPA, 1. 16 Current methods for detecting BPs include gas chromatography coupled with mass spectrometry (GC-MS), 17 liquid chromatography coupled with mass spectrometry (LC-MS), 18 and electrochemical techniques. 19 GC-MS and LC-MS techniques are costly and time-consuming, while electrochemical techniques for the detection of bisphenols require large overpotentials that damage electrodes and reduce the system sensitivity and selectivity. 20 Newer BPA detection methods, 21 including chemiluminescent sensors, 22 have also been reported.
Reported herein is the synthesis and photophysical characterization of eight novel fluorescent polymers and their application for the fluorescence detection of common BPs. The use of Suzuki coupling to synthesize conjugated fluorescent polymers is well-precedented in the literature to access a number of polymeric architectures, 23 and has significant advantages compared to other synthetic methods, including relative insensitivity to air and moisture, high functional group tolerance, and generally high yields. 24 Of the eight new architectures, four demonstrated Stokes shifts greater than 100 nm, and three of the new polymers had significantly different fluorescence responses based on their level of aggregation. All polymers displayed some degree of fluorescence changes with the addition of BPA, BPF, or BPS (compounds 1-3, Figure 1) , as both aggregated polymer nanoparticles and well-dissolved polymer solutions. Notably, 100% differentiation between the bisphenols was observed using linear discriminant analysis of the resulting fluorescence response signals. 
Results and Discussion
Optimization of polycondensation: The solubility of conjugated polymers can pose problems in post-synthesis processing, as the propensity of the conjugated chains to π-stack and aggregate leads to low solubility in most solvents. Options to enhance polymer solubility include the incorporation of sterically bulky side chains, 25 which reduces aggregation, and the inclusion of highly polar functional groups, 26 which increases the polymer solubility in polar solvents. Undesired effects of incorporating sterically bulky or polar substituents include added synthetic challenges 27 to access more functionalized monomers, as well as difficulties in forming conjugated polymer nanoparticles via hydrophobic collapse of the polymer chain, as a result of the lower hydrophobicity of the highly polar groups. 28 Our fluorene containing polymers include only the two solubilizing hydrocarbon side chains found on 9,9-dioctylfluorene-2,7-diboronic acid bis(pinacol) ester (compound 4, Scheme 1) and no solubilizing polar groups. A range of optimized conditions from literature-reported studies 29 were employed in an attempt to increase polymer weight (Mn) without increasing the number of solubilizing side chains. Scheme 1 illustrates the general reaction used for the optimization experiments, with the results of these experiments summarized in Table 1 . The use of palladium zero complexes and tri(o-tolyl) phosphine ligands successfully increased the weights (Mn) of the polymers, with the combination of the two resulting in the second highest polymer weight (Mn = 5000 g/mol). For P1, this molecular weight corresponds to approximately 10 monomer units, and is comparable to the molecular weights of some other conjugated polymers reported in the literature. 10 Moreover, literature precedent indicates that the photophysical properties of longer-chain conjugated polymers are comparable to those of shorter-chain oligomers, with an oligomer of five repeat units often displaying photophysical properties that are indistinguishable from that of the full-length polymer. 30 Finally, by removing ethanol and using the phase transfer catalyst tetra-n-butylammonium bromide (TBAB) with tris(dibenzylideneacetone)dipalladium(0) and tri(o-tolyl) phosphine as the ligand the highest polymer weight was achieved (experiment number 11, Table 1 ). 31 
Scheme 1. Synthesis of P1
Spectroscopic studies: The photophysical and structural properties of all synthesized polymers (Figure 2) were characterized as well-dissolved solutions and as aggregated nanoparticles. Of note, all polymers demonstrated measurable fluorescence emission from excitation at or near the maximum absorption wavelength, with key results summarized in Table 2 . P1 has a large Stokes shift of over 200 nm and is characterized by a relatively low molecular weight, likely due to limitations on the solubility of the monomers and polymer. Polymer P2 was designed to increase the polymeric molecular weight while maintaining a large Stokes shift, similar to that of P1. This goal was achieved successfully by increasing the number of alkylbranched monomer units to a 3:1 ratio of dioctylfluorene:fluorenone (Figure 2, P2 ) in a random copolymer structure. This increased the polymer weight (Mn) by a factor of approximately 5 (taking into account the larger molecular weight of the monomer repeat units) while still retaining the large Stokes shift observed in P1 (Stokes shifts: P1 = 236 nm, P2 = 230 nm). Interestingly, the random copolymer displayed an additional fluorescence emission peak with a smaller Stokes shift of 34 nm. This peak (at 414 nm) matches the fluorescence emission of poly-9,9-dioctylfluorene 32 and the second peak (at 610 nm) matches the fluorescence emission of 9-fluorenone. 33 When P2 is aggregated as nanoparticles, the emission peak at 414 nm disappears and the peak at 610 nm Template for SYNLETT © Thieme Stuttgart · New York 2018-11-30 page 3 of 6 undergoes a hypsochromic shift to 550 nm, (Figure 3 ), indicating energy transfer from 9,9-dioctylfluorene monomer units (with emission at 414 nm) to 9-fluorenone (with lower energy emission). This energy transfer is facilitated in the aggregated state due to facile interchain exciton migration that is enabled in such architectures. P3's UV absorbance and fluorescence emission were visually similar to the spectra of polymers with significant amounts of dioctylfluorene units (P2 and P8). However, P3 has a much higher quantum yield (0.7650) than P2 (0.0058) and P8 (0.0025), which is qualitatively similar to the quantum yields of all fluorene conjugated polymers, and has the smallest Stokes shift (33 nm) of all the investigated polymers. The UV absorbance and fluorescence emission characteristics of P3 are of particular interest when compared to polymer P4, as both P3 and P4 include fused aromatic backbone segments in addition to their dioctylfluorene segments, however, their fused aromatic backbone segments result in vastly different photophysical properties. P4 incorporates an unsubstituted anthracene moiety into its polymer backbone, resulting in P4's UV absorbance being similar to anthracene's, 34 which indicates that the anthracene segment of P4 is absorbing more than the dioctylfluorene segment. This is in contrast to P3, which contains an unsubstituted naphthalene backbone segment, but
does not absorb at wavelengths typical of naphthalene (311 nm). 35 Furthermore, P4's fluorescence emission maximum is close to P3's, resulting in a very large Stokes shift (178 nm) for P4. These small structural changes which result in large differences in the photophysical properties of the polymers demonstrate excellent tunability for tailoring the polymer products for specific applications.
Polymers P5 and P6 have similar photophysical properties, with UV absorbance maxima at 345 nm and 341 nm, respectively. Both polymers have two fluorescence emission maxima (P5 = 424 nm, 447 nm; P6 = 414 nm, 436 nm) and large Stokes shifts (P5 = 79 nm, 102 nm; P6 = 72 nm, 95 nm). The differences in wavelength between the photophysical properties of P5 and P6 are expectedly small as the structural difference between the two polymers is an alkoxy verses an alkane functional group neither of which is on the polymer backbone. Interestingly, P7's fluorescence emission changed from a spectrum with two emission maxima when dissolved in chloroform to a spectrum with much greater fine structure upon aggregation in nanoparticles, with four distinct maxima observed (Figure 4) . The emission spectra with four maxima shows the same fine structure as the fluorescence emission of naphthalene 36 and has a bathochromic shift of 42 nm compared to the non-aggregated state, which suggests J-aggregate formation. 37 These spectral features strongly suggest a geometric arrangement in which the polymer chains stack in a staggered arrangement with the pendant naphthalene moieties of P7 directly above and below the fluorene backbone segments from neighboring polymer chains. P8 and P9 are comprised of the same monomer units, albeit with different ratios of monomer in the polymer product (P9: 1:1 monomer ratio; P8: 3:1 ratio of 9,9-dioctylfluorene to anthraquinone monomer, Figure 2) . Interestingly, P8 displays two emission maxima at 414 nm and at 664 nm, while P9 has only one emission peak at 576 nm. In a well-solubilized polymer solution, the fluorescence emission peak of P8 at 664 nm accounts for less than 10% of the total fluorescence emission. However, similar to P2, the aggregated forms of P8 only displays one emission peak, at 570 nm, which is a significant hypsochromatic shift (94 nm) compared to the non-aggregated form. The large Stokes shift of P9 (223 nm) contrasts with the double Stokes shifts for polymer P8 (due to the dual emission) of 38 nm and 287 nm. Additionally, P8's larger ratio of 9,9-dioctylfluorene monomer 4 compared to P9's 1:1 monomer ratio results in P8 having a polymer weight approximately 2.5 greater than that of P9, while still displaying fluorescence properties that are comparable to P9 in the aggregated state.
In addition to characterizing the polymer's photophysical properties, all polymers were screened for their ability to detect BPA, BPF, and BPS (compounds 1 -3) . 38 The fluorescence modulation 39 of the polymers in the presence of these analytes were measured as both well-dissolved chloroform solutions and as nanoparticles suspended in water. All polymers demonstrated some degree of fluorescence modulation in the presence of at least two bisphenols (Tables 3 and 4) . The fluorescence response of P1, a previously reported polymer, to all bisphenol analytes is included in the ESI for this manuscript.
All polymers demonstrated some degree of fluorescence modulation when they were dissolved in chloroform; however, high analyte concentrations (1 mM) were required to achieve measurable fluorescence responses. Moreover, poor selectivity between structurally similar analytes was observed, with half of the polymers, when dissolved in chloroform, displaying nearly identical modulation values with all analytes investigated. P2 had one of the largest fluorescence modulations as a chloroform solution with the addition of BPS, with a modulation value of 1.48 obtained ( Figure 5A ), whereas P6 was one of the most selective as a chloroform solution, with noticeably different fluorescence spectra obtained for all bisphenol analytes ( Figure 5B ). Additionally, P4 showed similar selectivity to that of P6 and a similarly large fluorescence modulation to that of P2, with modulation values for P4 chloroform solution varying between 0.39 and 0.49. These fluorescence responses are promising as the intermolecular forces that drive the bisphenols to interact with the polymers are less prevalent in chloroform solution than in aggregated states. Impressively, linear discriminant analyses of the relatively minor changes in spectral signals of the analytepolymer complexes resulted in 100% successful differentiation of highly structurally similar analytes (Figure 6 ). While the chloroform solutions demonstrated sufficient fluorescence modulation to differentiate between the bisphenols at high concentrations, the polymer nanoparticles had markedly enhanced selectivity to the bisphenol analytes at far lower analyte concentrations. This greater selectivity is driven by hydrophobic aggregation of the bisphenols with the polymer nanoparticles and the higher propensity for interpolymer exciton migration in aggregated states, which increases the number of analyte binding sites that the exciton samples prior to relaxation to the ground state. 40 The enhanced fluorescence modulation is seen with nearly all polymer nanoparticles-analyte combinations, except P4 and P6 with BPS, and current efforts in our laboratory are focused on elucidating reasons for the aberrant behavior of these particular combinations. Particularly notable fluorescence modulation is seen with polymer P3 and P5 nanoparticles (Figure 7) . P3 demonstrates the most pronounced fluorescence modulation of all nanoparticles, whereas P5 has the greatest selectivity of all nanoparticle solutions between the less bulky BPF and the bulkier BPS and BPA. The difference in the selectivity of these polymers suggests that the electron rich P3 is interacting with the BPs primarily through electronic complementarity, whereas the fluorescence responses of P5 are likely due to sterically-driven interference between P5's side chains and the BP analytes that disrupts the polymer aggregation. 41 Furthermore, when the fluorescence emission of the nanoparticles in the presence of the analytes was analyzed using linear discriminant analysis (Figure 8) , 100% differentiation between the three bisphenols at low concentrations (50 μM) was obtained. Finally, the stability of the nanoparticles in water was observed over 72 hours by DLS and no significant degradation or precipitation of the nanoparticles was observed. This is consistent with literature reported longevity studies of conjugated polymer nanoparticles generally remaining stable for weeks in aqueous solution. 42 
Conclusions
In summary, eight novel fluorescent polymers were synthesized using Suzuki polycondensation. All eight polymers were spectroscopically characterized and their potential use as fluorescent sensors was investigated. P2, P4, P5, and P9 had Stokes shifts that were greater than 100 nm, with a range of UVVis absorbance maxima. P2, P7, and P8 demonstrated significantly different fluorescence emission in aggregated states (i.e in nanoparticles) compared to their fluorescence emission profiles as well-dissolved solutions in chloroform. The fluorescence responses of the polymers to the addition of BPA, BPF, and BPS was investigated, both for well-dissolved polymer solutions and as aggregated polymer nanoparticles. The polymers demonstrated some degree of fluorescence modulation in the vast majority of polymer-analyte parings with isolated analyte-polymer pairs demonstrating little to no observed modulation. Using linear discriminant analysis, these distinctive fluorescence responses could differentiate between the three bisphenols with 100% selectivity, even among highly structurally similar analytes. Efforts towards extending this fluorescencebased detection system to other common environmental toxicants as well as evaluating the use of polymeric thin films for such sensing applications are currently underway in our laboratory. Further efforts towards determining the selectivity and robustness of this system by evaluating the system in complex aqueous media and expanding the analyte scope to other aromatic compounds both with and without bisphenols as competitive analyte studies will be performed, and the results of these and other investigations will be reported in due course.
